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We report the generation of sub-80 fs pulses with energy in the 100 nJ range at 1050 nm and a repetition rate up to 164 kHz based on a nonlinear fiber amplification system combined with an active control of the spectral phase. This control is performed by an acousto-optic programmable dispersive filter operated at a multiple of its acoustic repetition rate. This result opens up its possible use in highly nonlinear fiber chirpedpulse amplification setups. © Thanks to their geometry and design, Yb-doped fibers feature outstanding thermo-optical properties, high saturation fluence, and high optical pumping efficiency (ϳ80%). However, the major drawback of ultrashort pulse amplification in doped fibers is the long confined propagation length in the material, which limits energy scaling because of harmful nonlinear pulse distortions. Another limitation of femtosecond fiber amplifiers is the achievable pulse duration: The Yb ion in glass exhibits a gain bandwidth of approximately 40 nm, well below the value of Ti: Sa.
To increase the bandwidth and energy of amplified pulses in fiber systems, the most investigated solution consists in controlling nonlinear effects. For example, specific fiber chirped-pulse amplifiers have been designed to generate high-energy pulses in the presence of large amounts of accumulated nonlinear phase [1] [2] [3] . Nonlinear effects can also be exploited rather than avoided to take advantage of the spectral generation imparted by self-phase modulation (SPM). This is the basis of the parabolic regime [4, 5] , which has attracted a lot of attention and has led to the generation of very short amplified pulses. Recent experiments have demonstrated increasing sub-100 fs pulse energies by operating in even more nonlinear regimes while controlling the spectral phase via a mechanism compensating between SPM and third-order dispersion [6, 7] . These methods to reach higher energies and shorter pulse widths are increasingly complex in terms of the propagation regime and may require a high accumulated nonlinear phase, which calls for active control of the spectral phase to guarantee good compressed pulse quality. Furthermore, the large bandwidth obtained through nonlinear effects implies that higher-order dispersion terms need to be compensated, requiring a compression system more sophisticated than the typical grating pair. As shown previously, both theoretically [8] and experimentally [9] , spectral preshaping can be used for the compensation of nonlinear pulse distortions in fiber amplification systems, even in the presence of high SPM. Such active spectral phase control is routine in highenergy Ti: Sa systems.
In this Letter, we investigate, for the first time to our knowledge, the potentiality of the combined operation of a large-mode-area (LMA) double-clad Ybdoped fiber amplifier with an acousto-optic programmable filter (Dazzler, Fastlite) for active spectral phase and amplitude control [10] for femtosecond pulse amplification. Since the main advantage of fibers consists in the potentially high repetition rate with average power, we have operated the Dazzler in a novel configuration at a harmonic of its acoustic repetition rate. In contrast to pure parabolic amplification, the pulses are amplified and both temporally and spectrally broadened in an unconventional nonlinear regime dominated by SPM in the presence of gain and positive group-velocity dispersion (GVD, nonlinear length L NL 2.6 cm and dispersion length L D 1.2 m) [11] . Our purpose is to investigate the ability of the Dazzler, in this demanding case, to compensate for the complicated spectral phase components of the amplified pulses at a high repetition rate and therefore its potentiality as an intermediate active element of a future more complex chirped-pulse amplification system. The output pulses are fully characterized by means of a frequency-resolved optical gating (FROG) setup and are independently cross checked by intensity autocorrelation (50 ps delay range) and spectrometer measurements. The genera- tion of high-quality 56 fs, 230 nJ pulses at 20 kHz is demonstrated, while high-quality sub-80 fs pulses are obtained as a result of the sufficient active spectral phase control by the Dazzler at repetition rates as high as 164 kHz.
Our system consists of a diode-pumped passively mode-locked bulk Yb: CaGdAlO 4 laser oscillator, followed by the diode-pumped polarization-maintaining (PM) LMA Yb-doped fiber amplifier (YDFA), and a compression stage based on either a conventional grating pair or a Dazzler or a combination of both (Fig. 1) . The oscillator delivers 20 nJ in 150 fs pulses at 27 MHz. The repetition rate is reduced to 950 kHz, and about 10 nJ pulses are seeded into the amplifier. The YDFA consists of a 1.5 m long double-clad Ybdoped PM-LMA fiber (25/ 250 m, NA= 0.06, Liekki), pumped at 976 nm, and exhibits absorption of 11.2 dB/ m. Both fiber ends are angle cleaved at 8°to suppress parasitic lasing effects. The pump power is increased to 6 W, yielding an output of 1.2 W. At this level, the amplifier delivers about 80% linearly polarized 3.2 ps pulses of 41.5 nm bandwidth. About 500 nJ of maximum pulse energy reaches the compression stage after further reduction of the repetition rate between 20 and 164 kHz.
Initially, compression is performed either by a high-efficiency 1250 line/mm transmission-grating pair compressor (GC) or a Dazzler operating at a 20 kHz repetition rate. Next, compression is performed by combination of a Dazzler with the GC at repetition rate up to 164 kHz. Two different Dazzler modules are used. The first one, used in the direct compression of the YDFA pulses, employs a 45 mm long TeO 2 crystal providing a spectral resolution of 1 nm and a maximum achievable group delay of about 5 ps, large enough to compress the pulses without a GC, but restricting the repetition rate to about 20 kHz. To increase the repetition rate, a smaller crystal is used operating in a different configuration: Optical pulses emitted at a multiple of the Dazzler acoustic repetition rate interact with the same acoustic wave at different positions in the crystal. However, this results in the decrease of the Dazzler shaping capacity, because of the reduction of the opticalacoustic interaction time, necessitating the use of a GC for sufficient GVD compensation.
Thus, the second Dazzler employs a 25 mm long TeO 2 crystal (0.6 nm spectral resolution and 3 ps maximum group delay) and is combined with the 1250 line/mm GC. The acoustic repetition rate of the Dazzler is then 41 kHz, while operation at 82, 123, and 164 kHz is also performed by interaction with the same acoustic wave of one up to four optical pulses. The interaction time is maximized, to achieve both high diffraction efficiency and sufficient spectral phase control, by progressive decrease of the negative GVD applied by the Dazzler from −15000 to −4000 fs 2 at 41 and 164 kHz, respectively.
In Fig. 2 the output pulses, retrieved from a second-harmonic generation FROG measurement, are presented in the case of pulse compression by either the GC or the long crystal Dazzler. As expected, the grating-based compression quality features a strong power level dependence as a result of the induced spectral shaping and the consequent complex accumulated nonlinear phase [7] . Efficient compression was possible only at the highest pump level of 6 W [190 nJ after compression and estimated nonlinear phase ⌽ NL 23.5, upper part of Fig. 2(a) ], while for lower power uncompensated spectral phase resulted in poor compression quality. In Fig. 2(a) (lower part) this is demonstrated for 5 W of pump power (155 nJ after compression, ⌽ NL 17.4). Furthermore, bandwidth limitations of the gratings resulted in decreased efficiency (Ͻ36% at highest power) and spectral filtering, seriously limiting the achievable pulse duration.
On the other hand, when for the exact same conditions the GC was replaced by the Dazzler, both compression efficiency (constantly ϳ50%) and pulse quality were maintained almost unaffected by the power level, i.e., the extensively varying spectral phase content of the pulses. In Fig. 2(b) the resulting output pulses are presented for 6 and 5 W pump power (upper and lower part, respectively). In both cases an almost flat spectral phase is obtained (corresponding Strehl ratios of 0.89 and 0.82 at 6 and 5 W), resulting in pulse durations of 68 fs (5 W pump power) and 56 fs at the highest pump power (230 nJ output energy, i.e., 4.1 MW peak power).
To reach a higher repetition rate while maintaining sufficient spectral phase control, we performed pulse compression with a combination of the 25 mm crystal Dazzler and the GC previously used. Careful synchronization along with optimized distribution of the GVD compensation between the Dazzler and the grating compressor permitted power-independent overall spectral phase compensation and optimized pulse compression for repetition rates of 41, 82, 123, and 164 kHz. In Fig. 3 are presented the corresponding FROG traces (upper part) and the retrieved output pulses (lower part) as well as the retrieved spectral intensity and phase (insets) in the case of maximum pump power ͑6 W͒ at each repetition rate.
The pulse durations are 58, 72, 76, and 78 fs at 41, 82, 123, and 164 kHz respectively, with temporal Strehl ratios of 0.84, 0.83, 0.87, and 0.86, corresponding to sufficiently flattened spectral phase. The increased pulse duration at repetition rates higher than 41 kHz is expected: Multiple optical pulse interaction with the same acoustic wave at different positions in the Dazzler crystal results in a small amount of uncompensated material dispersion. Because the acousto-optic interaction time decreases with increasing repetition rate from 41 to 164 kHz, Dazzler diffraction efficiency decreased from 60% to 32%, resulting in an overall compression efficiency of 38% to 18% and pulse energies of 185, 180, 105, and 90 nJ, respectively.
In conclusion, we have demonstrated the use of a Dazzler for active spectral phase control of a nonlinear LMA YDFA system providing complex spectral phase pulses. Operation at repetition rates up to 164 kHz is reported. To our knowledge this work constitutes the first experimental proof of the potentiality of a combined operation of the Dazzler with YDFA systems. We believe that the presented system, providing independent active spectral intensity and phase control of arbitrarily high order, could be successfully implemented in a future chirped-pulse amplification setup for the production of sub-100 fs pulses in the 100 J energy range at repetition rates greater than 100 kHz. (Color online) FROG traces of the Dazzlerϩgrating compressed pulse at 41-164 kHz (upper part) and corresponding retrieved temporal intensity profiles (retrieved spectra are shown as insets).
